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.' 
A ABSTRACT 

The coupling between two parallel-plate waveguides is calculated 
using edge-diffraction techniques. The parallel-plate guides have 
a rb i t r a ry  truncation angles and a r e  formed by wedges of a r b i t r a r y  
angular extent. 
guide modes with the resul ts  experimentally verified. 

Coupling is calculated for  both TEM and TEol wave- 
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COUPLING BETWEEN PARALLEL-PLATE WAVEGUIDES 
BY WEDGE DIFFRACTION TECHNIQUES 

I. INTRODUCTION 

The coupling between two parallel-plate waveguides is analyzed 
This technique has  been success-  by application of wedge diffraction. 

fully used to analyse the radiation patterns of parallel-plate wave- 
guides[ 1,2] . 

The analysis of mutual coupling problems by conventional 
electromagnetic theory techniques i s ,  at bes t ,  difficult. 
geometr ical  techniques fo r  treating diffraction provides relatively simple 
computation of coupling[ 3 1 .  
and orientation, and ground plane s t ructures  a r e  accurately included in 
the analysis. 

The use  of 

The s t ructural  aspec ts  of guide geometry 

11. WEDGE DIFFRACTION 

The coupling between parallel-plate waveguides may be analyzed 
in t e r m s  of diffraction by a perfectly conducting wedge. 
of s t ra ight  edge diffraction by a wedge was f i r s t  solved by Sommer-  
feld[4] . 
wedge. 
in the analysis and is described in Appendix A. 

The problem 

Pauli[ 51 obtained a practical  formulation for  the finite-angle 
The diffraction function VB,  introduced by Paul i ,  is employed 

The diffraction of a plane wave by a wed.ge is i l lustrated in Fig. 
1. The solution to the problem may be expressed in t e r m s  of a sca l a r  
function which represents  the component of the electromagnetic field 
no rma l  to the plane of study. The diffracted field is given by 

where  the minus sign applies for the electr ic  field polarization paral le l  
to the edge and the plus sign applies fo r  perpendicular polarization. 

1 



REFLECTION 

“INT SHADOW BOUNDARY 

Fig. 1 .  Geometry for  wedge diffraction. 

The total field is given by 

where Uo is the geometrical  optics field. 
geometrical optics field a r e  i l lustrated in Fig. 2. 
wave incidence, the geometrical  optics fields a r e  given by 

The three regions of the 
F o r  the case  of plane 

(3c) U, = 0, shadow region. 
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I I :  REFLECTED REGION 

INCIDENT 
REGION 

\ 
Fig. 2. Geometrical optics region. 

The s a m e  convention is used for  the choice of sign in Eq. (3b) as was 
used in Eq. (1). 

The nature  of the diffracted wave Ud is that of a cylindrical wave 
radiating f r o m  the edge. 
(45) in Appendix A; at la rge  distances f rom the edge the diffracted wave 
has  the radial dependeiice zf 2 cylindrical wave e - Jk r /d r .  
a subsequent diffraction by a diffracted wave may be t reated as the dif- 
f ract ion of a cylindrical wave by a wedge (as il lustrated in Fig. 3) -  
near-f ie ld  formulations have been used, both of which give near ly  the 
s a m e  results.  

This may be seen from examination of Eq. 

Consequently, 

Two 

The geometrical  optics fields in each case  a r e  given by 

1 2 2 - jkR 

CJR 

- jk( r  t ro - 2 r  ro  COS(+-^)^))" 

( r 2 t  r 0 2 -  2 r  ro  cos (+ -+o),t 
uo=- -  e - e  ( 4 4  8 

incident region; 
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Fig, 3, Geometry of wedge and line source  nea r  
field diffraction. 

incident and reflected region; and 

(4c) U, = 0, shadow region. 

R and R’ are  the distances of the line source  and its image to the 
observation point, respectively, The regions f o r  the geometr ical  optics 
a r e  the same as shown in Fig .  2, 
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* 
dl One diffracted field formulation is obtained by modifying the 

solution given in Ohba[6] f o r  the diffraction of a half-plane illuminated 
by a dipole source. This solution has been reduced to the two-dimen- 
sional fo rm and extended to wedge diffraction. The diffracted wave of 
this formulation is thus given by 

The plus sign applies fo r  e lectr ic  field polarization perpendicular to the 
edge of the wedge whereas  the minus sign applies f o r  paral le l  polarization. 
The total  field is s t i l l  given by Eq. (2) .  

The other diffracted field formulation is obtained f rom Born and 
Wolf[7] for  the diffraction of a cylindrical wave by a half-plane. This 
formulation is extended to wedge diffraction to give the diffracted wave 
as 

f 

where R1 = r t ro a 

IR1i -R '  

J z  
Both formulations have been extended for non-zero wedge angles to 

a g r e e  with Paul i ' s  [ 51 formulation for  plane wave diffraction ( ro  --oo), 
However, it should be noted that both formulations a r e  approximate. 
formulation was compared with the exact solution for  diffraction of a 
cylindrical  wave by a wedge[ 111 which may be evaluated f o r  small  values 
of r and ro. 
within 1/270 in magnitude for  ro = 2h and r < ro. 
each  formulation is usually accurate within 2 o r  37". 
par i son  w i l l  be published in a future report .  

Each 

F o r  example, both Eqs. (5a and b)  were  found to be accurate 
F o r  ro = 0.8h 

Details of this com- 
< ro)  
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111. MUTUAL COUPLING 

The mutual coupling between the two parallel-plate waveguides 
shown in Fig. 4 will be analyzed by geometrical  diffraction techniques. 
The coupling between the guides may be expressed in terms of the 
modal current  excited inone guide by an incident wave in the other 
guide; the value of the incident wave may be represented by its modal 
current .  
fields to be included in the analysis in addition to determining the 
coupled power. 
guide problems to be analyzed by superposition. 

The use  of modal cur ren ts  allows the phase of the coupled 

The inclusion of phase information permi ts  multiple 

In order  to avoid unnecessary complications of the analysis,  some 
restriction will  be placed on the geometry of Fig. 4. Namely, the 
orientation between the guides and the truncation angles of the guides 
a r e  res t r ic ted so  that edge N1 will not be directly illuminated by guide 
# 2 ,  and edge NZ will not be directly illuminated by guide #1. 

Coupling in both TEM and TEol waveguide modes will be considered. 
The TEM mode may be represented as a plane wave propagating in the 
guide, as shown in F i g .  Ya). F o r  this mode the field distribution a c r o s s  
the guide is uniform with the electric field polarization perpendicular to 
the guide walls. The TEol mode may be represented by two plane waves 
bouncing in the guide, as shown in Fig .  5(b). The angle Ao, identified in 
the figure, is given by 

The field distribution a c r o s s  the guide is sinusoidal for  the TEol mode 
and the polarization of the electr ic  field is paral le l  to the guide walls. 

A. TEM Coupling 

Since TEM mode coupling is e a s i e r  to analyze it will  be t reated f i r s t .  
The incident power and associated modal cu r ren t  will  first be determined 
for  the T E M  guide with a unit amplitude magnetic field directed para l le l  
to the guide walls. 
integration of the Poynting vector a c r o s s  the width of the guide yields the 
power flow per unit depth of guide a s  Zoa,  where  Zo is the impedance of 
f r ee  space and a is the width of the guide. 

The Poynting vector  is uniform a c r o s s  the guide. Thus 
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( a )  TEM MODE ( b )  TE,, MODE 

Fig. 5. TEM and TEol mode propagation. 

In conventional t ransmission line theory, power flow may be 
represented by the product of modal cur ren ts  and voltages in the same 
manner  as in c i rcui t  theory. Similarly, the modal quantities a r e  re- 
lated by the t ransmission line impedance. The t ransmission line im- 
pedance for the TEM mode is simply the ratio of the e lec t r ic  to mag- 
netic fields, o r  the impedance of f r ee  space Zo. 
mode will be expressed by the magnetic field because it is representable 
by a sca la r  function. 
width a, in which the magnetic field has  unit amplitude and ze ro  phase 
reference,  the modal c i rcui t  quantities a r e  given by 

The field for  the TEM 

Therefore,  for a TEM mode guide with a guide 

(7 )  I, = (a and 

Since the impedance of a TEM guide is Z o ,  the mutual coupling between 
TEM guides can then be represented simply a s  a ra t io  of modal cur ren ts .  
The square of this ratio will give ,the power coupled. 

The mutual coupling problem will be solved in essentially three  
F i r s t ,  guide 1, the transmitt ing guide, w i l l  be replaced by an steps. 

equivalent line source.  
guide, to a line source will  be determined by application of reciprocity.  
Then by combining these two steps,  mutual coupling, o r  the response of 
guide 2 to guide 1, will be obtained. 
pressed  as 

Next, the response of guide 2 ,  the receiving 

Mutual coupling can  thus be ex- 
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modal cur ren t  in guide 2 
equivalent line source current  of guide 1 

equivalent line source  current  in guide 1 
modal cur ren t  in guide 1 

S T E P  1 :  Substitution of Guide 1 ,  the transmitt ing guide, by 
an equivalent line source. 

The field radiated by guide 1 (in Fig.  4) in the direction eo of 
guide 2 is accurately given by the singly and doubly diffracted r ays  
f r o m  edge MI .  F o r  an  incident wave with a unit magnetic field the 
singly diffracted ray  may be obtained f rom Eq. ,(44) as 

1 R - sin - 

3 - R - E l  
R 2 

- j (.rt 2) 3 e ml ml VB(r ,  - IT - E1,1lli) = ~ 

9 

2 JXG- (8) 

cos -  - cos-- 
ml ml 

where the asymptotic fo rm of VB given in Eq. (45) i s  employed. 

The doubly diffracted wave from edge MI is caused by the singly 
diffracted ray f rom edge N1 in the direction of edge M I .  
diffracted ray is given by 

This singly 

R 
jkal  cot egl sin - 1 - j t r t $  - 

- - e nl nl e P 

IT - 121rkr Tr cos - - cos  

jkalcot egl 

V 

nl nl 

is the resul t  of referr ing the where  the exponential t e r m  e 
incident wave to  edge MI.  
direction of the second guide i s  obtained by Eq. (5a)  as 

The resulting doubly diffracted ray in the 

IT 
- jk( r t a l )  - j-  IT ra1 

- e  e 4 j k r + a l e  
21T 

(10) 



The singly and doubly diffracted rays a r e  a s  shown in Fig. 6.  

270°-E, 270O- E, 

b )  DOUBLY DIFFRACTED RAY 

Fig. 6. Singly and doubly diffracted rays  f o r  the TEM mode. 

( a )  SINGLY DIFFRACTED RAY 

Ignoring higher-order  diffractions, the magnetic field intensity radiated 
in the direction of guide 2 by guide 1 with modal cur ren t  <a1 may be ex- 
pressed  in far-field form a s  

1 IT - sin-  
ml mi 
IT 3l2 TT- El 

ml ml 
cos - - cos 

jkal  cot 8gl 
IT sin - 
nl 

1 
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. 
4 8  An equivalent line source with an omnidirectional radiation pattern 

but with its radiated field exactly equal in amplitude and phase to the 
field of guide 1 in the direction of guide 2 (i. e. , eo) may now be intro- 
duced to  replace guide 1. 
by a single line source located at  edge M1 that radiates a field given by 

Therefore  in this analysis guide 1 is replaced 

where I 
charac te r i s t ic  impedance of the line source  i 

(12 )  resu l t s  f rom the fact  that the field radiated by the line source 
modal cur ren t  mus t  be consistent with the field radiated by a TEM 
waveguide modal current.  

is the modal cur ren t  of the equivalent line source. The 
eq chosen to be the same 

as that of the TEM guide, Zoo The e-j(kr-* B 4, phase factor  in Eq. 

This phase factor  is derived in Appendix B. 

The modal cur ren t  of the equivalent line source is thus obtained 
f rom Eq. (12) as 

As shown in Fig.  7 ,  the transmitting guide (guide 1) has been replaced 
by an equivalent line source with modal cur ren t  Ieq such that the same 
response is obtained in guide 2. 

I 
i 

Ma 
1 U I VA LENT 

w 

I 
I 

EQUIVALENT 
LINE SOURCE 

GUIDE I GUIDE 2 GUIDE 2 

Fig .  7 .  Substituting guide 1 by an equivalent line source.  
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STEP: 2 Response of Guide 2 to a line source. 
\ 

By reciprocity, the response of a guide to a line source  is equal 
to the response of that line source  to the guide; this is shown diagram-- 
matically in Fig .  8. In F i g .  8(a),  a line source with modal cu r ren t  IT 
located at point Q t ransmi ts  a power PT. Guide 2 receives a power 
PR with associated modal cur ren t  IR f rom the line source,  

. reciprocal  situation shown in Fig. 8(b), guide 2 t ransmi ts  power PT 
with associated modal cu r ren t  IT. 
PR with associated modal cur ren t  IR. The power received by the line 
source  in Fig. 8(b) is given by 

In the 

The line source receives power 

where h / 2 ~  is the effective aper ture  of a line, source and HT(Q) is the 
field at point Q due to  the guide. 
the line source is given by 

Thus the modal cu r ren t  received by 

where the character is t ic  impedance of the line source is  Zo. 

The field HT(Q) a t  point Q due to guide 2 may be computed by use  
of Eqs. ( 1 )  and (5). F o r  an incident wave with a unit magnetic field in the 

I T  

pT 

-D - 
-- 
'I 

Q 
0- 

E QU IVAL E N T 
BY RECIPROCITY 

( a )  LINE SOURCE TRANSMITTING ( b )  GUIDE TRANSMITTING 

Fig. 8. Application of reciprocity to find response 
of a guide to a line source.  
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guide the singly diffracted field at point Q f rom edge M2 is obtained 
as 

The doubly diffracted field f r o m  edge Mz resul ts  f rom the singly dif- 
f rac ted  ray f rom edge Nz and is given by 

'Thus the total field a t  point Q caused by guide 2 is given by 

X 

I I 

at t Dsin t1g2 
\'r J h sin eg2 

TT -Ez- 

where  the modal cur ren t  of the source i s  G. 
of the line source  a t  point Q to guide 2 is given by the modal cur ren t  
ra t io  

Therefore,  the response 

13 



By reciprocity, Eq. (19)  gives the response IR of guide 2 to a line 
source  with a transmitt ing modal cur ren t  IT. 

The near-f ie ld  formulation of Eq. (5a) is used in the above 
Computations were  made 

using both near-f ie ld  formulations. The difference in the doubly dif- 
f racted t e rms  a s  computed by the two diffraction forms was found to 

* equations fo r  the doubly diffracted te rms .  

be negligible. In fact, 
of approximating the d 
fraction. 

S T E P 3 :  Mutual 

this effect  is  second-order relative to the o r d e r  
ffraction of the guide a s  that of line source dif- 

Coupling 

The l a s t  s tep  remains in combining the resul ts  of the previous 
two to obtain mutual coupling, defined as the ratio between modal 
cur ren ts  in the transmitt ing and receiving guides, namely, 12/11. 

The modal cur ren t  response 12 of guide 2 is given by IR of Eq. (1  9) 
with the modal cur ren t  IT specified by the modal cur ren t  Ieq of the 
equivalent line source.  Thus, combining Eqs. (13) and (19 )  the mutual 
coupling between the parallel-plate TEM guides of Fig.  4 is given by 

I2 (modal cur ren t  received in guide 2 )  
11 (modal cur ren t  transmitted by guide 1 )  

( 2 0 )  

(equation continued on next 
1 Tr sin - 

t "1 

14 



a 
sin - 

* e  jkaz cot egz n2 

D ~ ~ i G ~ o j  is :he diffraction coefficient of the transmitt ing guide as given 
by Eqs. (1 1) and (12). 
point Q as given in Eq. (18). 
is given by 

H T ~ ( Q )  is the field of t he  receiving guide at  
The power coupled between the two guides 

B. TEol Coupling 

The analysis of mutual coupling fo r  the TEo1 mode is basically the 
s a m e  as that fo r  the TEM mode. The field w i l l  be expressed in t e r m s  of 

15 



the electr ic  field because it may be represented by a sca l a r  function f o r  
the TEol mode. As shown in Fig. 5(b), the electr ic  field a c r o s s  the 
guide var ies  a s  cos 2.rrx/a, 
plane-wave component, integration of the Poynting vector a c r o s s  the 
guide width yields a power flow of 2 Yo a COS A,. 
modal voltage is 

- 
.I 

F o r  a unit amplitude electr ic  field in each 

Thus the associated 

vo = F a  - YO cos A, - (22)  * 
% 

where Yo is the f ree-space admittance and Yg is the guide admittance 
' for  the TEol mode. 

The mutual coupling problem to be solved has  the same  general  
geometry as given in Fig .  4. 
and tlgZ > A02 
fields. 
obtain the solution. 

An additional res t r ic t ion is that Qgr > A01 
S O  that edges M1 and Mz will be illuminated by the incident 

The same  three s teps  used in the TEM analysis a r e  used to 

STEP 1: Substitution of Guide 1 by an equivalent line source  

The singly and doubly diffracted rays for  the TEol mode a r e  shown 
in Fig. 9. The singly diffracted field f r o m  edge M1 is given by 

270°-E, 270O- E, 

( a )  SINGLY DIFFRACTED RAY ( b )  DOUBLY DIFFRACTED R A Y  

Fig. 9. Singly and doubly diffracted ray  f o r  the TEol mode. 

16 



I i 2 3 )  

where the asymptotic form of VB given in Eqo (45) is employed. 
singly diffracted wave f rom edge N1 in  the direction of edge Mi i s  
given by 

The 

IT s in  - 
nl  

1 IT sin - 
nl  nl 

1 - 
- 

IT -Ogl -AOL TT cos IT -Ogl+Aol 
cos - - = j cos ; - cos nl  nl nl  

L 

X e  jkaicot  'jglcos Aol e / 

J2rrkr 
9 

where the exponential factor multiplying the VB expression results f rom 
refer r ing  the incident wave to edge MI.  
f rom Fig. 10 where the phase difference between the two incident waves 
on edges MI and N1 is the electrical distance a lco t  Ogicos Ao1. 

result ing doubly diffracted wave from edge M1 is thus obtained f r o m  Eq. 
(5a)  as: 

This relationship may be seen 

The 

1 TT - sin - 

17 



I 

F i g .  1 

( 2 5 )  
cont. 

&a, -4 

.O. Phase difference between TEol incident rays .  

x 

X 1 -  eJk a l c o t  bglcos Aol 

Ignoring higher-order diffractions, the e lec t r ic  
in the direction of guide 2 by guide 1 is given in 

field intensity radiated 
far field fo rm as 

. T T  TT 

18 



. 
I 
I 

(26) 
I cont. 

- nl  n1 jkalcot  Oglcos A01 sin - 
IT - 3gltAol 

lr 1 - 
IT cos - - cos 

1 

J 
Guide 1 will then be replaced by a single line source located at edge Mi 
that radiates a field given by 

where Veq is the modal voltage of the equivalent line source. 
ac te r i s i tc  admittance of the line source i s  chosen to be that of f r e e  space, 
Yo. 

The char-  

The modal voitage oi the zq -~~ ivden t  source is thus given by 

STEP 2 :  Response of Guide 2 to  the equivalent line source.  

Reciprocity is again applied to obtain the response of a guide to  a 
line source.  
with character is t ic  admittance Yo is 

The modal voltage received by the line source in Fig. 1 l(a) 

19 



Fig.  11. Response of the TEol receiving guide 
to the equivalent line source.  

P 

The field ET(Q) a t  point Q due to guide 2 may be computed by use  of 
Eqs. (1)  and (5). 
is obtained from Eq. (1)  as 

The singly diffracted field a t  point Q f rom edge Mz 

The doubly diffracted field f r o m  edge Mz resul ts  f rom the singly dif- 
f rac ted  ray from edge N2 and is given by 

IT 6 - j  - (31) DD= e jka2cot ugt cos A02 - 2 8  e 4  

20 



. 
( 3 1 )  
cont. 

a2 3 
ud (.. sin 8 g2 'zlT -E2,ug2) 

Thus the total field a t  point Q due to guide 2 is given by 

jka2 cot Bg2 cos 
t e  

IT sin - 

A sin eg2 

IT sin - 1 - 

3 
2 

- V.( a 2 D  , - * - t egzp mt  
az t D sin Bg2 

rlal voltage - of the source, guide 2,  is given by 

The modal cur ren t  I2 induced in the receiving guide by the equivalent 
line source,  as shown in Fig. l l ( b ) ,  is given by reciprocity[8] as 

2 1  



The modal voltage Vz induced in the receiving guide is given by use  of 
Eqs. (28) ,  (29) ,  (33 ) ,  and ( 3 4 )  as 

* 

TT 

(35) DT1(eo) E T ~ ( Q )  

STEP 3: Mutual coupling 

The modal voltage response, -Jz, of guide 2 is given by Eq. ( 3 5 )  
fo r  which the source,  guide 1, has a modal voltage as given by Eq. (22 ) ;  
1. e. , 

Thus the TEol mutual coupling between the parallel-plate guides of Fig. 
4 is given by 

modal voltage received in guide 2 
modal voltage transmitted in guide 1 

(37) 

D T ~ ( ~ ~ )  is the diffraction coefficient of the transmitt ing guide as given by 
Eqs. ( 2 7 )  and (28 ) .  
a s  given by Eq. ( 3 2 ) .  The power coupled between the two guides is given 

E T ~ ( Q )  is the field of the receiving guide at point Q 

by 

IV. GROUND PLANE CASE 

The expressions for  coupling which a r e  derived in the previous 
sections a r e  valid provided the wedge angles fo r  wedges M1 and Mz a r e  
not too large. Since these expressions neglect the contribution f rom the 
intersection of these two wedges they a r e  not accura te  if  the intersection 
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. 
is nea r  the line of sight between edges M1 and M2. Typically the inter-  
section should be at leas t  2 0 °  removed f rom the line of sight. However, 
the case  for  which the wedge surfaces  coincide to f o r m  a ground plane 
between the guides can be t reated for  the TEM mode in the same  manner  
as before. 
this analysis predicts  zero  coupling. 

TEol coupling for  the ground-plane case  is quite small ;  and 

The basic  difference between the derivations fo r  coupling with and 
without ground plane resul ts  f rom the dist,inction between incident and 
total fields fo r  grazing incidence on a ground plane. 
aper ture  of a magnetic line source on an infinite ground plane is X/IT fo r  
non-grazing incidence, as shown in Fig. I2(a). If the effective aper ture  
for  grazing incidence is defined a s  X/IT, then the incident field intensity 
must  be taken as one half of the total field incident on the line source;  
the other  half mus t  be considered as  the reflected field as shown in F ig .  

The effective 

12(b). 

Fig. 12. Effective aper ture  of a line source on a ground plane. 

In Step 1 of the analysis f o r  TEM coupling in the ground-plane 
case  the transmitt ing guide i s  replaced, a s  shown in F ig .  7 ,  by an 
equivalent line source located on a ground plane which radiates a field 
given by 

IT 
- jk r  t j - 4 - j k r  

4r 
e Ieq e 1 = HT,Ceo) = D ~ , ( e o )  - ( 3 9 )  

6 

where  the field radiated by the transmitting guide is given by Eq. ( 1  1). 
Thus the modal cur ren t  of the equivalent line source is given by 

IT 
- j  4 

(4 0 )  Ieq = & DT~(@,) e 1 

where  a difference of 4 2  with respect to Eq. ( 1 3 )  occurs  because the line 
sou rce  on the ground plane has a gain of 2. 
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In Step 2 of the analysis the response of the receiving guide to a . , line source located on the ground plane is  again determined by u s e  of 
reciprocity. In the determination of the modal cu r ren t  of the line source 
due to the guide the field HT(Q), as given by Eq. (18) ,  represents  the 
total  field and hence the effective aperture  A / I T  of the line source  applies 
to 1 / 2  HT(Q). Thus the modal cur ren t  received by the line source  in 
Fig. 8(b) is given by 

where HT(Q) is  given by Eq. (18) and applies when the guide t ransmi ts  
with a modal cur ren t  qa. Hence the response of the line source  to the 
guide and consequently the response of the guide to the line source  is 
given by the modal cu r ren t  ratio 

In Step 3 ,  the previous two steps a r e  combined to determine the 
coupling between the two guides. 
in which the value of IT i s  given by the equivalent line source  cu r ren t ,  
T e q l  of Eq. (40). 
guides in the ground plane case  is given by 

Coupling is obtained f rom Eq.( 42) 

Therefore the TEM mode coupling between the two 

ll 
jkal  cot Og, s in  - 

t nl 
1 

IT- nl "'i (cos* - cos 

(equation continued on next page) 
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(43) 
cont. 

J 

jkaz cot eg2 
X e  

nz "i (cos- TT - cos 
n2 

It is noted that the coupling predicted by the ground-plane case  is 
exactly 6 db lower than that which would be calculated from Eq. (20)  
f o r  the case  of sma l l e r  wedge angles. 
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V. RESULTS 

Mutual coupling, as expressed in Eqs. (20)  and (37),  was com- 
puted with a Scatran program f o r  an IBM 7 0 9 4  digital computer. 
Measured resul ts  were  obtained by utilization of wide-angle sec tora l  
horns to simulate infinite para l le l  plate guides [ 31 e An E-plane 
sec tora l  horn was used to ver i fy  TEol coupling and an H-plane sec tora l  
horn was used to verify TEM coupling. The effect of diffraction in the 
third dimension for  these finite aper tures  was determined by measuring 
the on-axis coupling between the horns,  with the i r  plates contacting so 
as to eliminate diffraction in the plane of interest .  Both calculated and 
measured resul ts  a r e  presented in the following figures.  F igures  13 - 
22 show influences of var ious pa rame te r s  on mutual coupling between 
guides in the TEM mode, whereas  Figs. 23 - 26 apply for  guides in the 
TEol mode. 
represent  the dimensions of a standard X-band waveguide operating a t  

The guide widths of 0,3381 and 0.76 lh  were  chosen to 

10 GHZ* 

Figure 13 shows the effect of wedge angle variations on mutual 
coupling between guides in the TEM mode. 
shown for  two different guide widths with measured  resu l t s  fo r  only 
Case ( c )  (half-plane guides with do 338X guide width). The observed 
t rend is that of increase in coupling with increase in wedge angle. 
F o r  wedge angles approaching 9U', the formulation of Eq. (20 )  is 
inaccurate,  as previously discussed. However, the formulation for  
the ground-plane case  is given in Eq. (40 )  and the calculated resul ts  
a r e  shown in Fig. 14 with one se t  of experimental  verification. 

Calculated resu l t s  a r e  

The effects of guide truncation angle on coupling in the TEM mode 
fo r  half-plane guides a r e  shown in Figs .  15 and 16. 
width case  (Fig.  15) the t rend is as one would expect, i. e. a dec rease  
in coupling for a decrease  in guide angle og. 
ca se  ( F i g .  16), however, the t rend is somewhat different. Calculated 
f a r  field patterns using the same  edge diffraction techniques over  the 
same range of eg fo r  the two guides a l so  ver i f ies  these trends.  

F o r  the 0.338 guide 

F o r  the 3 - 7 6  1X guide width 

Figure 17 shows the effect of guide width variation on coupling 
between TEM mode guides with half-plane walls while Fig. 18 is f o r  a 
TEM mode guide terminated normally by a ground plane. As expected, 
the coupling decreases  with increasing guide width and hence increasing 
pattern directivity. 

Mutual coupling between paral le l  guides truncated obliquely a r e  
shown in Figs. 19 and 20. The configurations a r e  chosen with consideration 
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. 
, for  possible a r r a y  application. Coupling between obliquely truncated 

guides with skew orientations a r e  given in Figs. 21 and 22  for  the half- 
plane and ground-plane cases.  These resul ts  i l lustrate the versati l i ty 
of the use of edge diffraction techniques to compute coupling. 

Coupling a s  a function of wedge angle for  guides in the TEol mode 
is considered in Fig. 23. 
plane case.  

computed coupling is ze ro  f o r  this mode. 

Measured results a r e  shown for  the half- 

the ground plane case  
Coupling is observed to  decrease with increase  in wedge 

* angle. F o r  a wedge angle equal to 90’; i. e. 

The effect of truncation angle variation on coupling between TEol 
mode guides with half-plane walls is studied in Fig. 24. 
lation of Eq. (37) applies only for e > sin-’ h / 2 a  as was previously 
stated. However, the formulation may readily be extended for  eg < 
sin-1 X /  2a. 

The formu- 

g 

Figure 25 shows the effect of guide width variation on coupling 
between TEol mode guides with half-plane walls while Fig. 26 shows 
the effect of oblique guide truncation. 
and TEol guides a r e  seen to be similar.  

Trends observed between TEM 

VI. CONCLUSIONS 

The coupling between parallel-plate waveguides is analyzed by 
edge-diffraction techniques. 
difficult, if at all possible, by conventional methods. Fur thermore ,  
the edge-diffraction method permits  the determination of s t ruc tura l  
effects such as waveguide geometry and orientation on coupling. 

Theoretical determination of coupling is 

A l L l l U U ~ ; l l  A’L ’ - - - - -h  thic: L A -  -- analysis is  approximate, it is generally accurate  
except in cases  in which a guide truncation angle is ~ e a r l y  eqiial to the 
propagation angle of the waveguide mode. 
a r e  used fo r  the TEM mode; one f o r  moderate-s ize  wedge angles and 
one fo r  the ground plane caseo Coupling was measured fo r  normally 
truncated guides whose apertures  lie in the same plane, fo r  the TEM 
and TEol half-plane cases ,  and the TEM ground plane caseo 
measured  values a r e  in good agreement with calculated values. 

Two formulations f o r  coupling 

These 

The analysis given he re  may be applied to a theoretical  study of 
mutual coupling in an a r r a y  of parallel-plate waveguides. 
coupling to  each guide would be obtained by superposition of the coupling 
f r o m  each of the other elements in the array.  

The total 
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( a )  WA = 60' 
(b) WA = 45O) a = 0.338x 

J ( c )  WA = Oo 
A M E A S U R E D  V A L U E S  FOR CASE ( c l  
( d )  W A  = 60° 

( f )  WA = 0' 
- ( e )  WA = 45O) a = 0.761h 

TEM COUPLING 

Y A 

GUIDE SEPARATION ( d / X )  

Fig. 1 3 .  Effect of wedge angle on TEM mode coupling. 
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Fig. 14. TEM mode coupling with ground plane. 
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Fig. 15. Effect of guide truncation angle on TEM coupling. 
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F i g .  16. Effect of guide truncation angle on TEM coupling. 
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Fig. 17. Effect of guide width on TEM coupling. 
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Fig. 18. Effect of guide width variation 
on TEM coupling. 
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Fig. 19. TEM mode coupling f o r  half-plane paral le l  
guides truncated obliquely. 
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F i g .  20. Coupling between TEM mode paral le l  guides 
truncated obliquely by a ground plane, 
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F i g .  21.  TEM coupling for half-plane guides. 
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Fig. 22. TEM coupling between ground plane guides. 
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Fig. 23 .  Effect of wedge angle on TEol coupling. 
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Fig. 24. Effect of truncation angle on TEol coupling. 
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Fig. 25. Effect of guide width on TEol coupling. 
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Fig. 26. TEol mode coupling for  half-plane parallel  
guide 8 truncated obliquely. 
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APPENDIX A 

I The diffraction function V g (  r, +) f o r  plane-wave incidence has  
been expressed by ~ a u l i [ 5 ]  as 

2 -j-r 
d-r 

j k r  cos + 
X e  

J l  
( ak r )z  

t [ higher-order  t e rms]  , 

where a = 1 t COS 4 e 

The higher-order  t e r m s  appearing in Eq. (44) a r e  identically equal to 
zero  fo r  the half-plane case ,  i. e . ,  n = 2. 
n, higher-order  t e r m s  a r e  negligible at l a rge  values of kr.  
may be fur ther  simplified for la rge  values of ak r ;  l a rge  values of a k r  
imply the point of observation is  removed f r o m  both the diffracting 
wedge ( r  large)  and the shadow boundary (@ = 180" - a = 1 t cos  @ = 0). 
The field, under these conditions, may be expressed  by 

F o r  more  general  values of 
The function 

(45) 

- j ( . r+t)  
e 

J2nkr 

1 TT - s i n  - 
n n 

~~ 

c o s 2  - c o s -  (+ 

+ [higher-order  t e rms] .  

n n 

The diffracted field as expressed by Eq. (45) is that f r o m  which the 
asymptotic diffraction coefficients of the Geometr ical  Theory of Dif- 
fraction[ 9, l o ]  a r e  obtained. 

F o r  cases in which the h igher -order  terms of Eq. (44) a r e  signi- 
ficant, an alternative formulation of the problem based on a Besse l  
function expansion given in Reference 11 may  be used. 
o r d e r  t e r m s  of the F resne l  integral  formulation become significant f o r  
values of radial parameter  r l e s s  than one wavelength. 

The higher- 

The Besse l  
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.(I * function formulation, which converges rapidly f o r  radial  parameters  
in this region , is given by 

n m=OB 1 

where J m / n ( k r )  is the cylindrical  Bessel  function of o r d e r  m/n and Em 

* is Neumann's number defined by 

€ m = [  1 m = O  0 

2 m # O  

Equation (46) represents  the total incident o r  reflected field where the 
total  field is given by 

The diffracted field may be obtained by simply subtracting the geometric 
optics field in Eq. (5) f rom the expression in Eq. (46). 
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APPENDIX B 

The field radiated by a line source in f r ee  space with modal 
current I is  given by 

T r  - jk r  t j - 
4 

(48) H = I e  t 

where the character is t ic  impedance Zo of the line source is chosen to  
be that of f r e e  space. 
corresponds to  the power density of a power Po = I IIz Zo which i s  
radiated i s  ot ropically. 

Thus the magnitude of the field in Eq. (48) 

The e-j(kr-n’4) phase factor in Eq. (48) resul ts  f rom the fact 
that the field radiated by the line source modal cur ren t  must  be consist-  
ent with the field radiated by a TEM waveguide modal current.  
venient basis fo r  reference is the thin-walled TEM guide with normal  
truncation (eg = 90’ ) .  
guide with a zero  phase modal cur ren t  is the appropriate phase for  the 
radiated field f rom a line source with ze ro  phase modal current ,  The 
on-axis field of the normally truncated guide is given by the singly dif- 
fracted fields f rom edges MI and NI because the higher-order  diffractions 
a r e  ze ro  on-axis. 

A con- 

The phase of the field radiated on-axis by this 

The total radiated field on axis is given by[12] 
r. 

c 

I 

(4 9 )  

ka 

jka cos @ t f)  
e -1 e 1 im i T r t B  lT- 8 

[ c o s  2 cos 2 

- 
8-0 2 J G  

- j  k r t  :) 
e -j 7 ka s i n e  

= lim e 
0 - 0  2 j2akr 

1 t) 2 j  sin(% sin e) 
e 

e - - 
sin 7 
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where the associated modal cur ren t  in the guide is & ej'. Thus the 
phase factor of the radiated field f rom a line source  in Eq. (48) is 
the same  as that associated with the normally truncated guide in Eq. 
(49). 

I .  i 
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